In high enough concentrations, such as produced by inducible nitric oxide synthase (iNOS), reactive nitrogen species (RNS) can kill Mycobacterium tuberculosis (Mtb). Lesional macrophages in macaques and humans with tuberculosis express iNOS, and mice need iNOS to avoid succumbing rapidly to tuberculosis. However, Mtb's own ability to produce RNS is rarely considered, perhaps because nitrate reduction to nitrite is only prominent in axenic Mtb cultures at oxygen tensions ≤1%. Here we found that cultures of Mtbinfected human macrophages cultured at physiologic oxygen tensions produced copious nitrite. Surprisingly, the nitrite arose from the Mtb, not the macrophages. Mtb responded to nitrite by ceasing growth; elevating levels of ATP through reduced consumption; and altering the expression of 120 genes associated with adaptation to acid, hypoxia, nitric oxide, oxidative stress, and iron deprivation. The transcriptomic effect of endogenous nitrite was distinct from that of nitric oxide. Thus, whether or not Mtb is hypoxic, the host expresses iNOS, or hypoxia impairs the action of iNOS, Mtb in vivo is likely to encounter RNS by producing nitrite. Endogenous nitrite may slow Mtb's growth and prepare it to resist host stresses while the pathogen waits for immunopathology to promote its transmission.
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T he ability to produce reactive nitrogen species (RNS) is widely distributed among animals, plants, and eubacteria. The high-output pathway of RNS production by host inducible nitric oxide synthase (iNOS) contributes to control of diverse infections (1, 2) , including tuberculosis (TB) (3, 4) , via impacts on both the pathogen and the host (5) . Macrophages in the lungs of humans (6, 7) and macaques (8) with TB express functional iNOS. Correlative evidence suggests that the action of iNOS may contribute to human control of TB (1, 3, 9, 10) .
Contributions of bacterial RNS production to host-pathogen interactions have only recently come under study. Bacterial NO synthases or nitrate reductases are sources of RNS that can contribute to antibiotic resistance (11, 12) and increase virulence (13). Some commensal bacteria exploit host iNOS during colonic inflammation by using iNOS-derived nitrate (NO 3 − ) as a terminal electron acceptor (14) . Furthermore, host-derived RNS have been proposed to enhance the survival of Mtb within macrophages (15) . Nitrate, along with nitrite (NO 2 − ), is an autooxidation product of nitric oxide (·NO), the product of iNOS (16) .
In the host, Mtb is thought to survive over decades in hypoxic sites (17, 18) . When oxygen is scarce, Mtb reduces nitrate (NO 3 − ) to nitrite (NO 2 − ) as a means to maintain redox homeostasis and energy production (19) . The mycobacterial respiratory nitrate reductase, encoded by narGHJI, is constitutively expressed (19) and functions at a low level under aerobic conditions when nitrate is taken up by passive diffusion (20, 21) . Hypoxia promotes the induction of narK2, a nitrate transporter and a member of the dormancy survival (DOS) regulon (22) (23) (24) , such that Mtb cultured at ≤1% oxygen in the presence of nitrate rapidly produces nitrite up to a level of 2.5 mM (20) . Further production is restricted in association with nonlethal cessation of bacterial growth (20) .
Transcripts from narG, which encodes a subunit of the nitrate reductase, and narX, which lies downstream of narK2 and encodes a nonfunctional nitrate reductase, were identified in granulomas from humans with TB (25, 26) . This suggests that populations of mycobacteria residing within the human host are exposed to low oxygen tensions and likely respire nitrate to adapt. Nitrate is a physiologic component of human body fluids, where it arises from the diet and from autooxidation of the NO produced not only by iNOS (NOS2) but also by the constitutively expressed enzymes NOS1 and NOS3. Studies in which nitrate was furnished in vitro revealed that Mtb's ability to respire nitrate allows it to better withstand acid, nitrosative stress (27) , or sudden anaerobiosis (28) . The evolutionary success of "modern" Mtb strains, which are more prevalent than "ancestral" strains, has been attributed to their enhanced nitrate reductase activity (29, 30) . Although nitrate and nitrite reproduce the bioactivity of nitric oxide in vivo in a wide array of physiologic processes (16, 31, 32) , reduction of nitrate to nitrite is rarely considered in studies of the host-pathogen relationship in TB. In fact, nitrate was omitted when the standard growth media were formulated in which almost all in vitro experiments with Mtb are currently conducted.
During the course of modifying standard culture conditions for Mtb-infected human monocyte-derived macrophages (33), we observed abundant accumulation of nitrite in the supernatant. Herein we report the identification of Mtb as both the source of the nitrite and a highly responsive target.
Results

Mtb Respires Nitrate in Human macrophages Cultured at Nonhypoxic
Oxygen Tensions. We differentiated normal donors' monocytes into macrophages under 10% oxygen for 2 wk, activated them Significance Most people infected with Mycobacterium tuberculosis (Mtb) suppress the pathogen's replication without eradicating it. It is unknown how Mtb survives for decades in a hostile host environment. Respiration of nitrate to nitrite could help Mtb survive in hypoxic tissues but was not thought to be significant at physiologic oxygen tensions, nor was the resultant nitrite considered consequential to Mtb's physiology. We found that Mtb infecting human macrophages in vitro produces copious nitrite at physiologic oxygen tensions. This slows Mtb's growth and consumption of ATP and remodels its transcriptome differently than nitric oxide. Thus, respiration of nitrate and adaptation to nitrite are likely to play a prominent role in Mtb's pathophysiology, whether or not the Mtb resides in hypoxic sites.
with IFN-γ, and infected them with Mtb, as previously described (33) . Cultures of macrophages from multiple donors consistently accumulated nitrite in a time-dependent manner to a median level of 25 μM over 5 d (Fig. 1A) . This suggested that the macrophages may have expressed one of the three NOS isoforms. However, we detected no iNOS protein by immunoblot (Fig. S1 ) and no NOS1, NOS2, or NOS3 transcripts by microarray or RNA Seq. To determine whether Mtb might be the source, we infected macrophages with a strain of Mtb lacking narG. The mutant strain grows normally in aerobic culture and is as virulent as WT Mtb in mice (17, 19) but cannot respire nitrate. Macrophage cultures infected with ΔnarG Mtb accumulated no nitrite, whereas infection with a mutant strain complemented with the WT narG allele led to accumulation of as much nitrite as infection with WT Mtb (Fig. 1B) . Accumulation of nitrite was nearly abolished when the cultures were washed gently to replace most of the standard culture medium with medium containing negligible nitrate and was restored when the nitrate-deficient cultures were repleted with 5 mM nitrate (Fig. 1C) . Even when we cultured infected macrophages in conventional, hyperoxic levels of oxygen (21%), we observed narG-dependent nitrite accumulation in the supernatant (Fig. 1D) . To further confirm that the resultant nitrite was a mycobacterial, rather than a host product, we infected macrophages with Mtb in the presence of the bactericidal antibiotic rifampicin. Addition of rifampicin to macrophages 1 d before infection completely abolished nitrite production after infection. Treatment with rifampicin even 1 or 2 d after infection markedly reduced the production of nitrite (Fig. 1E) .
We wondered what levels of Mtb-derived nitrite might be attained in tissue sites such as granulomas, where the number of macrophages per unit volume vastly exceeds the nonphysiologic ratio attainable in monolayer culture. To better simulate the cell densities of tissues, we cultured macrophages on Cytodex microcarrier beads. The narG-dependent accumulation of nitrite in bead cultures reached 800 μM (Fig. 1F) . In both monolayer and bead culture, the cfus of Mtb recovered from the cultures were not significantly different for narG-deficient and WT Mtb (34) .
Oxygen Tension Within Mtb-Infected Human Macrophages Functionally Approximates 1%. Abundant mycobacterial nitrate reduction within infected macrophages incubated under ambient oxygen tensions of 10% and 21% suggested that Mtb experienced an intracellular oxygen tension that approximated 1%. To test this, we compared the expression of DOS regulon members hspX and fdxA by Mtb cultured axenically or within infected macrophages. As reported previously (23), we found that Mtb cultured axenically in standard medium under 1% oxygen but not 21% oxygen induced both genes by ∼100-fold ( Fig. 2A) . Mtb residing within macrophages also highly induced the two DOS genes, particularly under 10% oxygen (Fig. 2B ) and less so under 21% oxygen (Fig. 2C) . To confirm this surprising finding, we treated Mtb-infected macrophages with pimonidazole. At oxygen tensions ≤1%, pimonidazole is reduced to a form that covalently modifies proteins, as detected by immunocytochemistry (35) . Macrophages cultured at an oxygen tension of 10% showed intense pimonidazole staining, whether or not they were Mtb-infected (Fig. 2D) . Even under hyperoxic conditions (21% oxygen), considerable pimonidazole staining was detected (Fig. 2D) . Thus, despite incubation under ambient tensions of 10% or even 21%, intracellular oxygen tensions in the human macrophages functionally approximated 1%. Uninfected macrophages were treated with rifampicin for the duration of the experiment. Nitrite was measured on day 3 after infection. Means ± SD, n = 2 experiments. (F) As in B, but using ∼20-fold higher numbers of macrophages grown on Cytodex surface microcarrier beads in 10% oxygen and then infected with Mtb (MOI: 5; 10 7 bacteria). Means ± SD, n = 2 experiments.
Endogenously Generated Nitrite Represses Mycobacterial Growth and ATP Consumption. As noted by Wayne and Hayes (20) , nitrite, whether endogenously produced or exogenously supplied, suppressed the growth of Mtb under 21% oxygen (Fig. 3A) . The concentration-dependence of this effect was similar for WT, narG-deficient, and complemented Mtb (Fig. 3A) . In contrast, when we incubated the three strains in 1% oxygen for 3 d with 5 mM nitrate, followed by return to 21% oxygen, only the WT and complemented strains failed to resume growing, reflecting that they generated endogenous nitrite from nitrate, which narGdeficient Mtb could not (Fig. 3B ). The failure of cultures of WT Mtb to increase in turbidity after generating nitrite reflected bacteriostasis, not cell death, because the number of cfus recovered was unaffected (Fig. 3C) .
It is not known how nitrite impairs aerobic mycobacterial growth. We suspected an impact of nitrate respiration on intrabacterial ATP, because nitrite has been shown to inhibit bacterial respiration and prevent ATP synthesis (36) . To test this, we cultured WT, narG-deficient, and complemented strains of Mtb axenically for 3 d under 1% oxygen either at high density (OD 0.1, ∼5 × 10 7 cells/mL) or low density (OD 0.01, ∼5 × 10 6 cells/mL) in the presence of 5 mM nitrate and measured ATP in their lysates. As expected, in the low-density cultures the concentration of nitrite remained low. Under these conditions, ATP levels in WT and narG-deficient Mtb were not significantly different (Fig. 4A) . In contrast, high-density cultures of the WT and complemented strains contained significantly more ATP than the narG-deficient strain, confirming an observation of Tan et al. (27) (Fig. 4A ).
Tan et al. (27) attributed this result to increased ATP production by Mtb using nitrate as an electron acceptor when oxygen was limiting. However, when we added 2.5 mM exogenous nitrite to low-density cultures of Mtb in 1% oxygen, ATP levels were increased even farther than seen with WT Mtb given twice as much nitrate (Fig. 4B ). The ATP-elevating effect of exogenous nitrite was not dependent on the presence of narG or nirBD, which encodes a nitrite reductase (37) . Thus, it seemed that nitrite, a product of nitrate respiration, led to accumulation of ATP in Mtb in a manner that did not depend on Mtb's donation of electrons to nitrate.
To test whether nitrite itself was responsible for this effect, as opposed to nitric oxide, to which nitrite can be converted, we incubated low-density Mtb cultures with 5 mM nitrate as a control or with diethylenetriamine-NO adduct (DETANO), a compound that decomposes to release nitric oxide with a half-life of ∼22 h at pH 7.4. DETANO also elevated intrabacterial ATP levels in WT, narG-deficient and the complemented strains. Both nitrite and DETANO increased intrabacterial ATP in a concentration-dependent manner. DETANO was ∼25-fold more potent than nitrite (Fig. 4 C and D) . Thus, either nitrite or nitric oxide potentially arising from it seemed to increase ATP.
We next considered whether nitrite or its possible conversion products might increase ATP production or decrease ATP consumption. Nitrite repressed the growth of Mtb; therefore, we considered it unlikely that nitrite enhanced the synthesis of ATP. Thus, we compared the consumption of exogenous ATP in lysates from nitrite-treated and untreated Mtb, after first demonstrating that neither nitrite nor nitric oxide interfered with the ATP assay (Fig. S2A) . WT Mtb was incubated with or without nitrite as described above for 3 d in 1% oxygen. Whole-cell lysates were prepared on ice, moved to room temperature, and allowed to consume endogenous ATP until it was no longer detectable, which required less than 20 min. We then added various amounts of exogenous ATP to the lysates and immediately measured its concentration. We consistently recovered greater amounts of exogenous ATP in lysates from nitrite-treated Mtb than from untreated Mtb (Fig. 4E) . Timecourse measurements of the disappearance of exogenous ATP (Fig. S2B) supported the interpretation that consumption of ATP was slower in lysates from nitrite-treated Mtb than from untreated Mtb.
Endogenously Generated Nitrite Regulates the Mtb Transcriptome.
Having demonstrated an effect of nitrite on ATP metabolism, we characterized the impact of endogenously generated nitrite more broadly by examining its effect on Mtb gene expression as assessed by RNA Seq. Samples of Mtb were prepared following the same protocol that revealed that mycobacterial nitrate respiration repressed subsequent bacterial growth in air (Fig. 3 A  and B) . In three independent experiments, we treated axenic cultures of Mtb with or without 5 mM nitrate for 3 d at 1% oxygen to allow for the generation of endogenous nitrite and then transferred the cultures to 21% oxygen overnight. Fig. 5 refers to these samples as "untreated" and "nitrate," respectively. Two further control cultures were prepared as above, except that one was treated with 2.5 mM nitrite in place of nitrate, and the other was exposed neither to nitrate nor nitrite, but its RNA was collected at the conclusion of the 3-d incubation in 1% oxygen, without an ∼18-h culture in 21% oxygen. Fig. 5 refers to these two samples as "nitrite" and "untreated 1% oxygen," respectively. Ribosomal RNA was removed from the total RNA by oligonucleotide-based hybridization. Sequences determined in three separate sequencing runs were aligned to the Mtb H37Rv genome (GenBank accession no. NC_000962.3). After culling sequences encoding ribosomal RNA, ∼3 × 10 6 reads per sample were mapped to coding regions, covering ∼99.9% of the coding genome. Gene expression was reported as reads per kilobase per million mapped reads (RPKM).
We found that 120 genes were significantly regulated by provision of nitrate. Those induced are listed in Table S1 , and those repressed are listed in Table S2 . Inspection of the list suggested that the most informative comparisons would be with reports of Mtb's transcriptional adaptation to host-imposed stresses (38) , such as hypoxia (23) , iron restriction (39), acid (pH 5.5) (40), hydrogen peroxide (10 mM) (41), nitric oxide (50 mm) (24) , and residence in mouse macrophages (40, 42) . Genes regulated by nitrate respiration but not by any other reported stimulus are listed in Table S3 . We first analyzed expression of the DOS regulon, which is induced by three of these conditions-hypoxia (23), nitric oxide (24) , and residence in macrophages (40, 42) . The average expression of all 47 DOS regulon genes was nearly the same for the "untreated" and "untreated 1% oxygen" samples (Fig. 5A , first two columns). The close correspondence of DOS induction in these two conditions was also evident for each DOS gene considered individually (Fig. 5B) .
Surprisingly, in comparison with the untreated sample, the average expression of the DOS regulon was significantly repressed by provision of nitrate (P < 0.0004) (Fig. 5A) . Individually, 27 DOS genes were significantly repressed in nitratetreated Mtb (Fig. 5C ). (To achieve statistical significance for all 47 DOS genes considered individually, we would likely need to sequence more samples.) This effect of nitrate could be attributed to generation of nitrite, because the effect was qualitatively and quantitatively the same when nitrite itself was provided (Fig. 5D) . Finally, the effect of nitrite could not be ascribed to conversion to nitric oxide, in that nitric oxide has the opposite effect: it induces the DOS regulon, rather than repressing it. This is shown in Fig. 5E , which plots the present results for 28 DOS genes: 27 that were significantly repressed by nitrite and reported to be induced by hypoxia (23) and 28 that were significantly repressed by nitrite and reported to be induced by 50 mM nitric oxide (24) . Hypoxic cultures of Mtb have been reported to accumulate up to 2.5 mM nitrite and no more (20) . These results offer an explanation: nitrite negatively regulates its own accumulation by limiting the expression of the DOS regulon and thus narK2 (Fig. S3) .
Of the 120 genes that were significantly regulated by nitrate respiration, many overlapped with genes that were regulated by Mtb residing within activated mouse macrophages (40, 42) (Fig. 6  A and B) . In addition, Schnappinger et al. (42) reported a subset of genes that were specifically regulated by iNOS. However, there was no correlation between regulation of genes by Mtb's respiration of nitrate and those regulated specifically by Mtb's residence in macrophages that expressed iNOS (Fig. 6A) . This provided further evidence that the effect of endogenously generated nitrite was not solely mediated by conversion to nitric oxide.
Many Mtb genes regulated by nitrate respiration were reported to be similarly regulated in Mtb exposed to iron restriction (39) (Fig. 6C) , pH 5.5 (40) (Fig. 6D ), or treatment with 10 mM hydrogen peroxide (41) (Fig. 6E) . Table 1 presents the total number of genes regulated by nitrate respiration and reported to be regulated by these and other physiologic stimuli. After standardization to account for gene lists of differing size, the comparison indicates the number of genes expected to overlap by chance and whether the overlap is statistically significant. This analysis suggested that nitrate regulates the expression of genes that are also regulated when Mtb is exposed to several host-imposed stresses.
Discussion
Within the host, both host NOSs and mycobacterial nitrate reductase can serve as sources of nitrite. However, whereas mycobacterial nitrate reduction is markedly induced by hypoxia (19) , NOSs require oxygen as a substrate (43) , and at oxygen tensions of 1%, iNOS loses 80-90% of its activity (44) . Therefore, the activities of host iNOS and mycobacterial nitrate reductase could be spatially and temporally segregated, depending on their access to molecular oxygen. The studies reported here led to four interrelated findings. First, there can be a striking dissociation between the oxygen tension in culture and the functional oxygen concentration in macrophage phagosomes. Although a dissociation was previously noted between oxygen concentration in extracellular fluid and in mouse macrophage phagosomes (45) , to our knowledge this is the first report that the level of oxygen in the phagosomes of primary human macrophages cultured at physiologic tissue oxygen levels of 10% or even 21% approximates 1% functionally, as reflected by Mtb's induction of DOS genes and copious reduction of nitrate. The low functional level of intramacrophage oxygen was not dependent on ingestion of Mtb. In agreement with James et al. (45), we speculate that the steep gradient between atmospheric and intracellular oxygen reflects a rate of mitochondrial oxygen consumption that outpaces diffusion from the gas phase through the extracellular fluid and across the plasma membrane. If Mtb likewise experiences functional hypoxia within human macrophages at physiologic oxygen tensions in vivo, then Mtb's respiration of nitrate to nitrite is likely to be much more widespread than previously appreciated, and the convention of culturing Mtb in room air levels of oxygen in the absence of nitrate is likely to be misleading with regard to Mtb's physiology.
Second, nitrite, whether endogenously produced or exogenously supplied, affects Mtb profoundly, although we may have only scratched the surface in characterizing its effects. Besides halting Mtb's growth, impairing its consumption of ATP, and altering its transcriptome, mycobacterial nitrite also markedly reduces Mtb's susceptibility to isoniazid (34) . We do not know the major ATP-consuming pathway(s) in Mtb that function(s) in whole-cell lysates and that nitrite inhibits. This contrasts with the reported effect of nitrite to reduce the amount of intrabacterial ATP in Pseudomonas aeruginosa (36) .
Third, the effects of nitrite and nitric oxide partially overlap but in some respects are diametrically opposed. The effect of nitrite is also distinct from the effect of the respiration of nitrate, from which the nitrite arises. The ability of nitrite to affect biologic systems in its own right, rather than through conversion to more reactive forms, has been proposed (46) and is supported by these results. For example, nitrite can oxidize ferrous iron to the ferric state and displace iron from iron-sulfur clusters (47, 48) . The induced expression of mycobactin synthase genes suggests that Mtb-derived nitrite inactivated iron-containing enzymes, rendering the Mtb functionally iron deficient despite the high iron content of the medium. DOS regulon expression is coordinated by the heme-containing kinases DosS and DosT, which function as redox and hypoxia sensors, respectively. Hypoxia, carbon monoxide, and nitric oxide are physiologic ligands that induce DOS regulon expression by modulating the oxidation and ligation states of the iron atoms in DosS and DosT (49) . Nitrite may repress DOS regulon expression by oxidizing the iron of these sensor kinases in a manner that prevents their regulation by other physiologic ligands. Oxidation of iron in additional enzymes, such as ribonucleotide reductase, may also contribute to the ability of nitrite to slow or halt Mtb's growth (50) (51) (52) . Last, the shared regulation of genes by nitrate and by the potentially mycobactericidal conditions of iron restriction and exposure to acid and hydrogen peroxide suggests that nitrate respiration may benefit Mtb in vivo by preparing it to withstand the latter stresses. Nitrite is highly diffusible, as evidenced by its accumulation in the plasma of Mtb-infected individuals (53, 54) . Endogenously produced nitrite may diffuse within infected tissue and contribute to a preemptive induction of Mtb genes that benefit Mtb's survival in a hostile host environment.
To date, in vivo experiments to investigate the consequence of mycobacterial nitrate respiration have been limited to the mouse, where "granulomas" are areas of pneumonitic consolidation lacking the layered, fibrous-capped structure found in the granulomas of humans and nonhuman primates with TB. Mtb-infected granulomatous tissue in the mouse had a measured oxygen tension averaging ∼40 mm Hg (or 2-9% oxygen) (17) and did not stain with a hypoxia-sensitive 2-nitroimidazole probe (55) . Furthermore, Mtb in mice did not express the only DOS regulon member tested, narK2, until the onset of the adaptive immune response almost 3 wk after infection, such that DOS regulon expression may have depended on the activation of iNOS (56) rather than hypoxia. When mouse macrophages cultured in 21% oxygen were infected with Mtb in vitro, DOS regulon induction depended on expression of iNOS (42) . In contrast, in the present studies, exposure of human macrophages to Mtb over an interval long enough to allow for phagocytosis but too brief to allow for nitrite accumulation led to marked induction of the DOS regulon in the absence of any NOS. Therefore, to the extent that DOS regulon induction is an indicator of hypoxia, human macrophages as cultured here seem to achieve a greater degree of functional intracellular hypoxia in vitro than mouse macrophages as usually cultured. The same may be true in vivo, insofar as iNOS expressed in mouse macrophages during Mtb infection seems to access sufficient oxygen to restrain Mtb growth (3, 42) . Therefore, experiments with NarG-deficient Mtb in the mouse may not reflect the functional relevance of mycobacterial nitrate respiration in the human host.
RNS can act as double-edged swords, depending on their level (57) . The present results bring this truism into sharp relief with respect to Mtb. High levels of RNS can kill Mtb, but low levels may do the pathogen a service. First, nitrite of host or mycobacterial origin may induce genes with whose help Mtb can withstand other host stresses. Second, nitrite slows or stops Mtb's aerobic replication. Mtb may thus avoid killing a host that has not yet destroyed enough lung tissue to provide Mtb with a path back to the air. Third, nitrite increases intrabacterial ATP. Once Mtb is expelled from the host within aerosolized droplets, this reserve of metabolic energy may facilitate colonization of new hosts. Drugs that inhibit Mtb's defenses against RNS may therefore be useful even in settings where immunodeficiency impairs the expression of host iNOS or hypoxia limits its action.
Methods
Isolation and Differentiation of Primary Human Monocytes. Heparinized peripheral blood was collected by venepuncture from healthy human donors who provided informed consent under an institutional review boardapproved protocol. Monocytes were isolated and differentiated as previously described (33) . Briefly, mononuclear cells isolated by centrifugation over Ficoll-Paque (GE Healthcare) were subject to positive selection using magnetic beads coupled to anti-CD14 antibodies (Milteyi Biotec) and cultured in 60% (vol/vol) RPMI, supplemented with 1% glutamax, 40% (vol/vol) human plasma, and GM-CSF and TNF-α (0.5 ng mL −1 each) at 5 × 10 5 cells mL −1 .
Thirty percent of the total culture volume was replaced with fresh medium and cytokines twice per week. For Cytodex1 bead culture, Cytodex 1 beads were prepared according to the instructions provided by the manu- The total number of genes induced or repressed by nitrate respiration is listed along with the total number reported to be regulated by the indicated condition. The number regulated in common is compared with the number that would be expected to show a similar regulation by chance calculated by a Fisher's exact test. The columns labeled "No. induced/repressed by nitrate respiration" refer only to the number of overlapping genes. "Percent of total gene list that overlaps" indicates the percentage of all genes regulated by nitrate respiration that are also regulated by the condition of interest. The associated significance of this overlap, listed as a P value in the final column, was calculated using a Fisher's exact test. Of note, genes regulated by mitomycin C-induced DNA damage and starvation did not significantly overlap with genes regulated by nitrate respiration. -, not applicable. facturer (GE Healthcare). The cells were plated at a density of 2 × 10 6 cells mL −1 per well of a 24-well plate, and 50% of the medium was replaced three times per week. After 2 wk at 10% or 21% O 2 and 5% CO 2 at 37°C in a humidified atmosphere, the cells were activated with IFN-γ (5 ng mL
) and infected with Mtb the following day. No antibiotics were used at any point.
To remove most nitrate from the medium, 1 d before infection the cells were washed three times with PBS, and the medium was replaced with DMEM with 10% human plasma, GM-CSF, 0.5 ng mL −1 TNF-α, and
Measurement of Nitrite. Nitrite levels in the supernatants of macrophage cultures were measured by the Griess assay (58) using nitrite standards prepared in the same medium used to culture the macrophages.
Mtb. M. tuberculosis H37Rv was grown in Middlebrook 7H9 broth supplemented with 0.2% glycerol, 0.5% BSA, 0.2% dextrose, and 0.085% NaCl (ADNaCl) with 0.05% Tween 80. The narG, nirB, and complemented strains were generously provided by F. Bange, Department of Medical Microbiology and Hospital Epidemiology, Medical School Hannover, Hannover, Germany (59) . Single-cell suspensions were collected in the supernatant after centrifugation at 120 × g for 10 min. For macrophage infection, ∼2 × 10 7 bacteria
were pelleted by centrifugation and resuspended in PBS. Cfus were determined by serial dilution in 0.1% Triton X-100 and plating on Middlebrook 7H11 agar with 10% oleic acid-albumin-dextrose-catalase enrichment (Difco, BD) supplemented with 0.5% glycerol for 2-3 wk at 37°C, 5% CO 2 . Intrabacterial ATP. Single-cell suspensions of Mtb (7 × 10 8 per condition) were incubated in 7H9/ADNaCl with 0.05% Tween 80 at an OD 580 of 0.07 in 1% O 2 , 5% CO 2 at 37°C in a humidified atmosphere, pelleted by centrifugation, washed once in PBS, pelleted, and processed immediately for ATP measurement or frozen at −80°C for later use. For a single endpoint measurement, the pellet was resuspended in 220 μL of standard lysis buffer: 100 mM Tris·OH and 1 mM phenylmethylsulfonyl fluoride (pH 7.4), with 1× protease inhibitor (Roche: cOmplete ULTRA Tablets, Mini, EDTA-free, EASYpack catalog no. 05892791001) added immediately before bacterial lysis in a beadbeating homogenizer with silica beads for two cycles with incubation on ice between them. After brief centrifugation to pellet silica beads, 1:1:2 (vol/vol/ vol) ratio of cell lysate (50 mL), lysis buffer, and ATP reagent was added in triplicate to a black 96-well opaque plate for the BacTiter-Glo Microbial Cell Viability Assay (Promega). Luminescence was read immediately using a SpectraMax L Luminescence Microplate Reader (Molecular Devices). For rate measurements, the lysate was filter-sterilized (0.22 μm Corning Costar Spin-X Plastic Centrifuge Tube Filters at 10,000 × g for 20-30 min). ATP was measured in an aliquot, and reagent ATP was added to the remaining lysate, from which triplicate 10-uL aliquots were immediately dispensed to the assay plate. At the indicated times, 90 μL of lysis buffer and 100 μL of ATP reagent were added and luminescence measured. ATP standards diluted in lysis buffer were prepared fresh for each experiment. The intrabacterial ATP for each sample was normalized to the protein concentration of each sample (Bio-Rad Protein Assay).
Quantitative RT-PCR. Macrophages (5 × 10 6 per T25 flask) were cultured in 10% or 21% oxygen and infected with Mtb (MOI: 40) for 10 h. The monolayer was washed twice with PBS. TRIzol (2 mL) was added to each flask and the cells detached using a rubber scraper. Alternatively, ≥2 × 10 9 bacteria were incubated per condition in 1% or 21% oxygen for 3 d in standard medium, in the absence of nitrate. An equal volume of buffer containing 5 M guanidinium thiocyanate, 25 mM sodium citrate, 20 mM N-lauryl-sarcosine, and 0.7% (vol/vol) β-mercaptoethanol was added. The bacteria were pelleted by centrifugation, 1 mL of TRIzol added per sample, and the suspension beaten with silica beads. RNA extraction was conducted using an RNeasy kit (Qiagen) in accordance with the manufacturer's instructions, except that off-column DNase digestion was performed for 2 h at 37°C. One mg of total RNA was reversetranscribed using the GeneAmp RNA PCR Kit (Applied Biosystems). Quantitative RT-PCR was performed using gene-specific primers (TaqMan Gene Expression Assay, Life Technologies) and the SuperScript III Platinum Two Step qRT-PCR Kit (Life Technologies) with a 7900HT Fast Real Time PCR System (Applied Biosystems). Each experiment was performed in triplicate. Values within the linear range of the primers were normalized to values for 16S rRNA.
RNA Sequencing. At least 5 × 10 9 bacteria per sample were incubated in 1% oxygen and left untreated or treated with 5 mM nitrate or 2.5 mM nitrite. After 3 d RNA was collected from one flask of untreated Mtb. The remaining flasks (untreated or nitrite-treated) were transferred to 21% oxygen for an additional overnight incubation before RNA collection. RNA samples with an RNA Integrity Number [Bioanalyzer (Agilent Technologies 2100)] value >8 were processed further. Ribosomal RNA was removed by hybridization with magnetic bead-coupled oligonucleotides (MicrobExpress Kit, Life Technologies). Libraries were prepared according to the manufacturer's instructions and resultant RNA sequenced (HiSeq2000/1000, Illumina). Single-ended sequencing reads were aligned to the reference genome of Mtb H37Rv using the Burrows-Wheeler Alignment tool (60) (GenBank accession no. NC_000962.3). Cufflinks (61) was used to measure transcript abundances in RPKM as well as to find differentially expressed genes. Regulation was considered significant for changes with a P value corrected for multiple comparisons (P corr ) <0.05 (Table S1 and S2). The samples labeled "nitrate" and "untreated" were prepared in three independent experiments. Only one sample was available for the "nitrite" and "untreated 1% oxygen" conditions. These samples were only used to evaluate the expression all 47 genes of the DOS regulon as a unit, with the expression of each gene serving as a control for the expression of the others.
Statistical Analysis. Statistical analysis was performed as indicated in the figure legends using Prism 5.0f for Macintosh (GraphPad Software).
